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GeTe films evaporated onto substrates held at room temperature are amorphous and exhibit
properties more characteristic of chalcogenide glasses than of crystalline GeTe. The resis-
tivity of such films increases exponentially with reciprocal temperature, the activation energy
being 0.30—-0.35 eV. We have measured both optical absorption and photoconductivity for these
films over a wide range of temperatures. The absorption coefficient is found to vary as (kv
—~E)%/hv at higher photon energies, E, being 0.70 eV at 295°K and 0.77 eV at 77 °K, while at
lower photon energies the absorption follows an exponential variation with slope independent
of temperature. These results are used to infer a density of states for amorphous GeTe.
Photoconductivity is observed down to photon energies of 0.2 eV near room temperature;
however, the strong temperature dependence of photoconductivity for photon energies be-
low about 0.6 eV distinguishes the response in this region as arising from a different mecha-
nism from that for photon energies greater than E,. The observed magnitudes of photoresponse,
rise times, and intensity dependences are seen to be consistent with a Mott-Cohen model us-
ing the inferred density of states. It is proposed that the observed low-energy photoconductivity
may result from a perturbation of the mobility edge by trapped charge.

INTRODUCTION

GeTe films evaporated onto substrates held at
temperatures below about 100°C have properties
strikingly different from those of films evaporated
with higher substrate temperatures.*? The latter
films, which we have studied extensively,® are
polycrystalline, and like GeTe crystals pulled from
the melt, they are strongly degenerate p-type
semiconductors with nearly metallic behavior, in-
cluding resistivities ~10"* Q cm at room tempera-
ture. In contrast to this, the former films exhibit
intrinsic semiconductor behavior with resistivities
which vary exponentially with inverse temperature
and which are the order of 10 Q cm at room tem-
perature, In addition, simple powder camera x-
ray measurements show no evidence of crystallin-
ity in these films.

It is known from the studies of Hilton et al.* that
GeTe does not form a glass when quenched from
the melt, as do many chalcogenide mixtures and
compounds. On the other hand, the similarity of
properties of these GeTe films to those of the gen-
eral class of chalcogenide glasses®~® leads us to
assume that we are dealing with vapor-quenched
“amorphous” films. There are, in fact, some
data on the structure of such films. Bahl and
Chopra® have determined a radial distribution
function from electron diffraction measurements
and find it to be the same as in crystalline GeTe.
However, Bienenstock and Betts!® have concluded
from x-ray diffraction measurements of Ge-Te al-
loys other than GeTe that the structure has short-
range order different from that of crystalline ma-
terial. One might hope that soon this question
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would be resolved. {Note added in proof . A recent
publication [D. B. Dove, M. B. Heritage, K. L.
Chopra, and S. K. Bahl, J. Appl. Phys. Letters
16, 138 (1970)] reports that the short-range struc-
ture of amorphous GeTe is not the same as that of
crystalline GeTe}. The experiments are compli-
cated by the fact that an electron beam can possibly
produce some crystallization. Having acknowl-
edged the structural uncertainties, we use the
word “amorphous” to distinguish our films from
crystalline GeTe films with appropriate reserva-
tions being implied.

Our emphasis at this point must then be on
amorphous GeTe as a disordered semiconductor
without any a p7iori relationship to crystalline
GeTe other than the similarity of their composi-
tions. We shall describe herein some of the prop-
erties of amorphous GeTe, with an emphasis on
optical properties, and draw some inferences from
these about the electronic density of states. Our
feeling is that one needs some sort of reasonable
estimate of the density of states as a starting point
for the interpretation of more complex properties
such as electrical transport.

It may be noted that GeTe is very well suited for
general studies in that it is easily evaporated ther-
mally in the form of a molecular vapor. It is, con-
sequently, not susceptible to compositional uncer-
tainties, and provides reproducible results with
relatively little effort. Since GeTe possesses
these experimental advantages and since it also
exhibits properties characteristic of the class of
disordered chalcogenides which have recently at-
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tracted considerable practical interest,!! we feel
that a thorough understanding of the properties of
amorphous GeTe would be a useful step toward an
understanding of the larger class of materials.

SAMPLE PREPARATION

Films were prepared by thermal evaporation of
Ge-rich GeTe using resistance or electron beam
heating. The Ge-rich source was used to mini-
mize the vapor pressure of Te, as suggested by
the results of Brebrick.'? Both NaCl and sapphire
substrates were used and films were deposited in
thicknesses of 0.3 i to 16 . We have mentioned
that the evaporation of GeTe is a straightforward
process. This is because the vapor pressure is
relatively high at, say, 600°C and the vapor is
predominantly the species GeTe. On the basis of
equilibrium studies of GeTe '* one would expect
some excess of Te in evaporated films, the upper
limit being about 53-at.% Te and the excess being
rather insensitive to source temperature. On the
other hand, precise chemical analyses of evapo-
rated GeTe by Ch’un-hua et al.' yielded stoichio-
metric compositions to within ~0.1%. An analysis
of one of our films yielded (50.7 + 2.5)-at.% Te.

Most films were deposited onto substrates held
at room temperature, although some were pre-
pared at elevated temperatures. For substrate
temperatures greater than about 50 °C, film prop-
erties such as refractive index begin to differ,
suggesting that partial crystallization may take
place under those conditions. Evaporated elec-
trodes of gold or molybdenum were used for con-
ductivity measurements. On the basis of four
terminal measurements and variations of sample
resistance with film thickness and electrode geom-
etry, we concluded that the sample resistances
were dominated by film resistivity as opposed to
contact resistances. The films are Ohmic for
the range of electric fields used in the present ex-
periments. Gold electrodes are not desirable for
measurements at elevated temperatures because
the gold apparently diffuses rather rapidly into
amorphous GeTe. This is seen by the fact that
regions near the contacts are stabilized and do
not crystallize at the same temperature as the
rest of the films.

EXPERIMENTS
Electrical Measurements

Figure 1 shows the temperature dependence of
the resistivity for amorphous GeTe. Note first
that the resistivity at room temperature is about
10° Qcm. This is nearly seven orders of magni-
tude greater than the resistivity of crystalline
GeTe at room temperature. The resistance varia-
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FIG. 1. Resistivity versus reciprocal temperature
for typical amorphous GeTe film. Horizontal markers
connected by arrows are intended to distinguish portions
of the curve having slightly differing slopes, the slopes
being indicated by their equivalent activation energies in
electron volts. The sharp drop in resistivity to the left
represents the onset of crystallization.

tion is approximately exponential, with an activa-
tion energy of 0.3-0.35 eV. That is, if one looks
closely at such a curve, it is possible to distin-
guish several regions of slightly different activa-
tion energies, as indicated on the figure. These
slight variations have yet an unclear origin, but
they may be useful at some later time to distinguish
regions having different mechanisms of conduction.
That is, at low temperatures conduction may pro-
ceed by dc hopping with electric-field -dependent
transition probabilities , while at high tempera-
tures it may be more appropriate to describe con-
duction as a two stage process of thermal excita-
tion with band mobility. In both cases, the activa-
tion energy could be approximately the same.
Figure 1 represents a variation of resistivity
measured over a period of approximately an hour.
The region where annealing begins to take place is
measured within a period of a few minutes. How-
ever, above room temperature there is a tendency
for the films to anneal to higher resistivity in the
way that has been studied in detail in other amor-
phous semiconductors such as Ge and Si.}*"'® Be-
low room temperature the films are stable. As the
temperature increases to (120+10) °C, the films
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crystallize, and in time the sample resistance de-
creases by several orders of magnitude. (Gener-
ally, some cracking of the film occurs during
crystallization, so that one does not reach the con-
ductance expected for crystalline GeTe.) The
crystallization is not rapid, and therefore not well
defined in temperature for runs taking only of the
order of 1 h over all. One can easily stop the crys-
tallization process by recooling. If one examines
a partially crystallized film optically, the crystal-
line regions are clearly distinguished by a differ-
ence in reflectivity in the visible crystalline GeTe
having nearly metallic reflectivity. One can see
then that crystallization occurs by nucleation and
growth of roughly circular crystalline regions
starting from a density of centers of the order of
10*/cm?,  For films thicker than a few thousand
angstroms there are noticeable tension cracks
which develop upon crystallization, and usually the
cracking is accompanied by peeling of the crystal-
line regions. On the basis of the size of the cracks
one can estimate that crystalline GeTe is more
dense than amorphous GeTe by 5-10%.

We are unable to detect a Hall voltage using a
dc magnetic field of 10* Qe.

Optical Absorption

We measured reflectance and transmission for
some of our films on NaCl substrates. The ab-
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FIG. 2. Absorption coefficient versus photon energy
for amorphous GeTe films measured at two temperatures.
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FIG. 3. Square root of the product of absorption co-
efficient and photon energy, versus photon energy, for
two temperatures. Dashed lines are extrapolations of
straight-line portions of the curves at higher photon
energies. The intercepts so obtained are 0.70 and 0.77
eV for 295 and 77 °K, respectively.

sorption coefficient @ was obtained from these
data, taking into account the effect of the substrate
(see, for example, Ref. 3). Figure 2 shows a
semilog plot of o versus ar for two temperatures.
It is apparent from this plot that the absorption co-
efficient has an exponential tail, at least down to
about 0.5 eV. The slope of the exponential is the
same at both temperatures and is equal to 11.5
£1.0 eV~'. At higher photon energies, a« (hv
-E,)%/hv as can be seen from a plot of (ahv)Y?2
versus hv (see Fig. 3), the intercept of which de-
fines an energy gap E,. We obtain values for E,

of 0.70 eV at 295°K and 0. 77 eV at 77°K. The ab-
sorption coefficient for crystalline GeTe in the
same range of photon energies is nearly an order
of magnitude greater.® The optical dielectric con-
stant determined from interference fringes is ap-
proximately 11 for amorphous GeTe. This also is
quite different from the value of 37 for crystalline
GeTe® and suggests that one should not expect a
simple correlation between crystalline and amor-
phous GeTe.

Photoconductivity

Figure 4 is a plot of the log of photocurrent per
incident photon versus photon energy, at several
temperatures, for a typical sample. Here the
photocurrent is measured using a lock-in amplifier
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and a chopping frequency of 6% cps. Near room
temperature, one can see that, as with the optical
absorption, there is also an exponential tail to the
spectral dependence of photoconductivity, with
measurable photoconductivity down to photon ener-
gies of less than 0.2 eV. It should be noted that
this is less than the activation energy for conduc-
tivity, which suggests that photoconductivity at
lower photon energy is due to a different mecha-
nism, involving localized states. The slope of the
exponential tail is significantly smaller than the
slope of Ina versus kv, the former being about
7.5 eV™! at room temperature and the latter being
11.5eV-1,

As the figure shows, the low-energy photocon-
ductivity disappears rapidly upon cooling. For
temperatures near room temperature and for
photon energies greater than 0.8 eV, the photocon-
ductivity is relatively independent of photon ener-
gy. In fact, what energy dependence persists can
be attributed to the presence of some bolometer
action, or sample heating, at these temperatures
(see below).

At lower temperatures, the shape of the photo-
conductivity curve in the vicinity of the edge ap-
proaches that of the absorptance versus photon en-
ergy as obtained from transmission and reflectance
measurements. However, for these temperatures,
the spectral response is not reproducible in detail
from sample to sample. For example, the small
rise in photoconductivity at 127 °K for photon ener-
gies greater than 1.2 eV (shown in Fig. 4) is not
seen in all samples.

One can see from the figure that photoconductiv-

-|.2-

~
o
T

log o (PHOTO CURRENT/PHOTON)

| 1

1 |
o 04 0.8 1.2 1.6 20
hv (eV)

FIG. 4. Photocurrent per incident photon versus
photon energy for a typical amorphous GeTe film mea-
sured at several temperatures. The structure seen at
low photon energies and 297 °K is due to interference
fringes in the film.
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FIG. 5. Photocurrent versus temperature for two
photon energies 1.15 and 0.3 eV, Solid curves represent
essentially the steady-state photocurrent. The dashed
portion of the upper curve represents a fast component
of photoconductivity having a rise time of less than 30
nsec at room temperature. The total photoconductivity
near room temperature for the same photon energy in-
cludes a slow component with rise time of approximately
10 msec. The rise time of the fast component changes
with temperature, as indicated at the bottom of the fig-
ure (see text).

ity is not a monotonic function of temperature
above the absorption edge. Figure 5 shows the
same information as a plot of photoconductivity
versus temperature for two photon energies. For
hv=1.15 eV, the photoconductivity rises as a
roughly exponential function of temperature to a
peak at approximately 180 °K, after which it dips
to a local minimum at 230 °K and rises again to
room temperature. At 0.3 eV, as mentioned,
the photoconductivity simply decreases rapidly with
decreasing temperature from room temperature.
Using a GaAs laser, we have examined the tran-
sient behavior of the photoconductivity at 1.47 eV.
Figure 6(a) shows a typical waveform at room tem-
perature. There is a fast rise followed by a slow
component of photoconductivity having a rise time
of the order of 10 msec. The rise time of the fast
component was found in all cases near room tem-
perature to be limited by the RC time constant as-
sociated with the sample capacitance and the cur-
rent sampling resistor. By using sampling tech-
niques and pulse averaging, we were able to re-
duce this rise time to 30 nsec. Since the laser
rise time was less than 10 nsec, we can say that
the photoconductive lifetime of the fast component
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is less than or equal to 30 nsec. In Fig. 5 the
dashed curve represents the variation of the fast
rise time component in the vicinity of room tem-
perature.

We have concluded that for zv >1 eV, the slow
component of photoconductivity near room temper-
ature is due predominantly to sample heating on
the basis of several considerations: (a) Order-of-
magnitude calculations of the temperature rise and
the thermal time constant expected for our films
give values consistent with the experimental re-
sults. (b) By changing the geometry of the light
beam, we are able to change the slow rise time of
photoconductivity in a way that is consistent with a
change in thermal time constant. (c) The disap-
pearance of the slow component with cooling is con-
sistent with the expected decrease of do/dT with
temperature, this being the basis of the effect.

This understanding of the role of heating allows
us to conclude, on the other hand, that the long-
wavelength photoconductivity cannot be due only to
heating, as the absorptance of the samples is not
sufficiently great as those wavelengths. The long-
wavelength response is then largely a true photo-
conductivity. This can also be seen from rise time
measurements (see below).
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FIG. 6. Photocurrent waveforms at two temperatures
illustrating the following: (a) the response at 295 °K con-
sisting of a fast step followed by a slow rise with rise
time of the order of 10 msec, and (b) the simple fast
response at 170,°K with rise time of approximately 3
psec (the ringing is due to pickup from the laser circuit).
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FIG. 7. Ratios of photoconductive responses for two
pairs of chopper frequencies, versus photon energy,
used to determine rise times for weak photoconductivity
signals.

Returning to Fig. 5, the fast rise times indi-
cated were actually measured at 1. 47 eV with the
GaAs laser, although in the interest of a more ac-
curate temperature dependence, the photocurrent
was measured at 1. 15 eV using an incandescent
tungsten source. Results such as those of Fig. 4
indicate that this should not make any significant
difference in conclusions. The indications of re-
gions of rise time are to be understood in the fol-
lowing way: As the sample is cooled, the slow
component (~ 10 msec) essentially disappears, al-
though there always remains a component with
7~1 msec which amounts to a few percent of the
response. From room temperature to about (180
+20)°K, the rise time of the major component of
photoconductivity is measurement limited to about
1 usec, however, starting at about 220 °K one can
see a component with somewhat slower rise time.
In the region of 180 °K, the photoconductivity very
quickly becomes dominated by a component with
rise time of approximately 3 usec, and this appears
to remain constant down to about 140 °K which is
as far as we can measure rise times. Figure 6(b)
gives an indication of how imprecise these mea-
surements are, the ringing being due to pickup
from the laser, even with considerable shielding.

At 0. 3 eV the signal is too weak (using a Globar
source) to measure the rise time directly, so the
rise time of ~10 msec is based upon measurements
at several chopping frequencies. The photoconduc-
tivity waveforms at, say, hv=1 eV can be fitted
very well by curves consisting of a step plus a
simple rise time curve going as (1-e "¥7). As-
suming that the response at lower photon energies
follows the same form, then the dependence of
photocurrent on chopping frequency is predictable.

Specifically, if the response R is given by
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R(t)=A+B(1=-et/"),
=Bl ~(¢-T/2)/7|_ e~ T/27)

0<t<3 T
tT<t<T (1)

where 7 is the slow rise time and T is the chopper
period, then the sine transform 7(w) as measured
by a lock-in amplifier will be given by

r(@)=a/m e B/M[Lre /(172 (@)

where w is the chopping frequency. At least three
chopping frequencies must be used to determine
A, B, and 7.

By making measurements at 65, 133, and 40 cps
we obtain results which are typified by Fig. 7.
These can be seen to demonstrate the following
properties: (i) At higher photon energies, in the
region of total absorption, both the time constant
7 and the ratio of fast to slow components are
independent of photon energy; however, both quan-
tities depend upon the size of the incident light
spot, as we mentioned in the discussion of bolom-
eter effect. Furthermore, the results in this
region of photon energies using the chopper-fre-
quency technique are in agreement with direct
waveform measurements, (ii) The fast component
apparently disappears at about 0.45 eV, i.e., in
the expressions above A/B<0. 05 below 0.45 eV.
(iii) For light-spot sizes yielding a relatively short
thermal time constant, say 6 msec, the time con-
stant increases steadily with decreasing photon en-
ergy below 0.9 eV to a value of about 14 msec at
0.2 eV. (iv) For larger light spots leading to ther-
mal time constants of 10-12 msec, the time con-
stant stays fixed to lower photon energies, but by
0.2 eV it has increased to the same value of 14
msec. This constitutes additional evidence that
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FIG. 8. Dependence of photocurrent on light intensity
for hv=1.47 eV measured at several temperatures. The
straight lines correspond to power laws, as indicated.
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FIG. 9. Schematic representation of the Mott model
for amorphous semiconductors, in terms of a one-
electron density-of-states variation with energy. The
mobility edges are the boundaries between nonlocalized
band states and localized states in the pseudogap. Dashed
curves indicate a separation of the midgap states into
distinct overlapping conduction band and valence band
states, as suggested by Cohen et al. (Ref. 17).

the photoconductive response at low photon ener-
gies is not a bolometer effect.

At room temperature, photoconductivity is lin-
early dependent upon light intensity, as determined
at several photon energies covering the range of
response (0.4, 1.15, and 1.47 eV). As the tem-
perature is lowered, the response becomes sub-
linear, as shown in Fig. 8 for #Zv=1.47 eV. As
indicated, the response approaches a square-root
dependence below 140 °K, although at lower tem-
perature the results are increasingly less accurate
due to low signal levels. The intensity dependence
is roughly independent of photon energy, although
at lower temperatures the response is closer to a
square-root law for lower photon energies.

Although Figs. 4 and 5 show relative photocon-
ductivity, we have also determined approximately
the absolute response at one wavelength. If the
change in sheet conductivity with illumination is
taken as

os =AFqur , (3)

where A is the absorptance and F is the light flux
in photons/cm? sec, then the product u7 is equal
to 1.2%10" ! ¢m?/V for the fast component at 1.47
eV and room temperature.

DISCUSSION

We take as a starting point for our discussion
the model for amorphous semiconductors attri-
buted to Mott,!” in which there is assumed to be
not only a tailing of valence and conduction band
states into a pseudogap as a result of the disorder,
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but also an abrupt change in the character of these
states at particular energies, thus giving rise to a
“mobility edge” and a well-defined energy gap for
conduction, Figure 9 shows a schematic view of
this model in terms of a one-electron density of
states. We have added as dashed lines the modifi-
cation proposed by Cohen et al.'® in which is em-
phasized the distinguishability of valence and con-
duction states in the midgap region. While some
of our analysis implicitly uses this distinguishabil-
ity, the necessity of it is not at all clear in terms
of comparison with experiment.

The major fact which the Mott model accommo-
dates is the rather constant activation energy over
a wide range of temperature. The further result
in our case that the activation energy of 0. 3-0. 35
eV is of the order of one-half the energy gap from
optical absorption, leads one to think in terms of
a more or less symmetrical distribution of states
for which the minimum density of states is still
sufficiently great to stabilize the Fermi energy.
Of course, we do not know a priori the relation-
ship between the optical absorption energy gap and
the mobility gap, so that the Fermi energy could
be shifted toward one mobility edge. In fact, field-
effect measurements on amorphous GeTe by Stiles
and Howard indicate p-type conduction.!® Never-
theless, we have found it useful in considering the
interband optical absorption to assume a symmet-
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FIG. 10. Density of states for amorphous GeTe ver-
sus reduced energy, measured from midgap, as inferred
from optical absorption. Dashed curve represents the
extrapolated density of states for parabolic band.
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FIG. 11. Absorption coefficient expected on the basis
of the density of states of Fig. 10 versus photon energy.
The observed absorption coefficient is shown as a dashed
curve primarily to indicate that the lower limit of the
measurements was approximately 0.5 eV. Above 0.9 eV
the dashed curve falls on the solid curve.

rical density-of-states distribution, while keeping
in mind the possible consequences of asymmetry.
Because the energy dependence of the observed
optical absorption approaches that expected for
parabolic bands at higher photon energies, and ex-
hibits an exponential tailing at lower photon ener-
gies which is independent of temperature (i. e.,
not an Urbach-type absorption tail®®), we are led
to calculate what absorption one would expect be-
tween bands with density-of-states tails. In a ma-
terial with no long-range order, it is generally
considered that crystal momentum % is no longer a
good quantum number; therefore, conservation of
crystal momentum is no longer required and all
transitions are allowed, as with the case of allowed
indirect transitions in a crystal. We choose to
formulate this idea in the following way: Assume,
by analogy with Bloch states, that we can write the
valence band states as

zab{k:RZ uv(y—Rj)fgk(Rj), (4)
)

where u,(» - R ;) is essentially a molecular wave
function centered on a molecular unit at R;, and
the functions f;,(R;) are an orthonormal set of en-
velope functions, the % being used here merely as
an index. That is;,

§f.1: (R)finr (Ry) = 0 . (5)
g
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In the same way we write the conduction states as

prk:%; u.(r =R ;) fp(Ry). (6)

The assumption that all transitions are equally
probable can then be introduced by assuming that
a given envelope function of the valence band is
composed of equal fractions of all conduction band
envelope functions, i.e., for all 2 and %’

.
V(2N)

since there are 2N & values per band. The justifi-
cation for this assumption of equal transition prob-
abilities rests most strongly on the observation of
photoconductivity down to low photon energies,
since photoconductivity requires absorption and a
rapidly vanishing matrix element would imply very
low absorption at low photon energies leading to a
rapidly increasing u7 product with decreasing
photon energy. Further, the densities of states
inferred on the basis of this assumption are con-
sistent with there being appreciable overlap (see
below).

If these assumptions are introduced into a stan-
dard calculation of optical absorption® between
bands denoted by 3 and ¥y,., then one obtains for
the absorption coefficient « as a function of photon
energy hv

a = (21%%® p¥nwm?c) fo’w dE p,(-E)p,(hv—E) ,
(8)

where 52 is the average of (A -P?/A% and p,(E)

and p.(E) are the densities of states of the valence
and conduction bands, respectively. If we assume
now as mentioned above that the bands are symmet-
rical, i.e., that p,(—-E)=p,(E)=p(E), then

éff’i (R))fire(R;) (7)

a(nv) = (2m%e%a®p? /nwm?c) fohu dE p(E)p(hv-E), (9)
or ahviC fo"” dE p(E)p(hv - E). (10)

Since « is known, this is an integral equation in p,
which is solved directly by noting that if p(E) =0
for E <0, then this is simply the convolution inte-
gral for the Laplace transform and

£(o(s)) =[e(ann)] /2. (11)
If T(s) =£(ahv), then
o(B) = (1/2m) [°i° e*F[T(s)]"2ds. (12)

The experimental results for akv (Figs. 2 and 3)
can be very well approximated by piecewise ana-
lytic functions which consist of high-energy por-
tions going as (kv- E,)? and tails going as hve®™ ,

the two portions of a given curve being matched

smoothly at hv/E,=x,. In terms of x =hv/E,, this
can be written

ahv/E,=Alx -1)%

=Ax[(x1— I)Z/xi]ea (x-xl)’ X< X1 (13)

X=Xy

where a=pE,. Then

'T_f:E/_Eg_)‘—' e's"l[sz(xl - 1)2 + Z(xl_ 1)S+ 2]
g (= D2 ™ (x; - 1)%0
xll(a -7 T ;cl(a - s)? [1-(a= s)x,].

(14)

This can be used to obtain p (E) by numerical com-
plex integration as indicated in Eq. (12) above.
However, there are some difficulties in carrying
this out. Strictly speaking, the real constant ¢ in
the limits of integration of Eq. (12) should be
chosen so that there are no branch points or singu-
larities to the right of s=o¢ in the complex plane.
This guarantees that p(E)=0 for E <0, which is a
consistency requirement. Unfortunately, the func-
tionT has an infinite set of branch points between
Re(s)=8 and Re(s)=9.5. If one uses ¢>9.5, the
p obtained is nonphysical and oscillates wildly.
This result can be seen to arise from the instabil -
ity of the inverse Laplace transform. ?? Specifical-
ly, the behavior of T for large real s depends upon
the behavior of o for small values of zy. We have
no data for @ at small photon energies, but essen-
tially the numerical results tell us that the simple
extrapolation of the exponential tail leads to a re-
sult which is mathematically correct but physically
unacceptable. By choosing o =4, for example, we
relax the constraint on @ at low energy and imme-
diately obtain a stable density of states p. This p
provides excellent agreement with the observed o
in the range of our observations. The results for
p (restored to physical units) are shown in Fig. 10
and the corresponding o is shown in Fig. 11,
superimposed on the experimental results for o
at room temperature. The absolute values of p
given in Fig. 10 require a further assumption,
namely, a magnitude for the quantity 52 in Eq. (16).
We choose to use a value based on the results for
crystalline GeTe ® because amorphous GeTe is
still GeTe and because from an order of magni-
tude point of view it is a typical value for inter-
band momentum matrix elements in semiconduc-
tors. We take $%/m=4.5 eV, where m is the
free-electron mass, this being about Z of the value
for the transverse coupling in crystalline GeTe.
There are several points worth noting in Fig. 10.
Above about 0. 5 eV, the density of states ap-
proaches closely that for a parabolic band. Fur-
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thermore, the magnitude of the density of states

in this region corresponds to that for a band with
effective mass equal to 0. 7m. This is both inter-
esting and encouraging. It allows, for instance,
the simple interpretation that at higher energies,
the nonlocal carriers behave more or less like free
particles. The total number of states below the
parabolic edge is of the order of 2x 10'%/cm?,
which corresponds to a spatial separation of the
order of 40 A. Since for states with binding ener-
gies of the order of 0.1 eV one can estimate a
minimum characteristic radius which is also of the
order of 40 A, there must, therefore, be some
overlapping of states in the tail. A third point is
the result that, in terms of distinct types of midgap
states,!® the number of unfilled valence states and
the number of filled conduction states at 0 °K are
both about 10'"/cm?.

In Fig. 11, one can see that while the theoreti-
cal results fit very well the exponential tail in the
range of the experimental observations, the theo-
retical absorption decreases somewhat more rap-
idly at lower photon energies than an extrapolated
simple exponential tail. This would be an interest-
ing point to explore if there were available very
thick samples of good quality.

It has already been mentioned that the photocon-
ductivity versus photon energy (Fig. 4) is rather
flat for higher photon energies, particularly when
one discounts the contribution of sample heating.
Also, the fractional magnitude of the fast compo-
nent of photoconductivity at room temperature is
constant above about 0.9 eV, as can be deduced
from Fig. 4. The most straightforward interpre-
tation here is that absorption at photon energies
greater than 0.9 eV is followed by very rapid ener-
gy relaxation of photoexcited carriers to the mobil-
ity edge, i.e., to the lowest energy nonlocalized
states, from whence they may recombine or be-
come trapped.

While we are not yet in a position to establish
a unique model of the dynamic processes in amor-
phous GeTe, it is interesting how much can be fit-
ted into a rather simple picture based on the mo-
bility edge concept and making use of our inferred
density of states.

We start with the information that the tempera-
ture dependence of photoconductivity at 1. 15 eV
in Fig. 5 was measured with a light intensity which
theoretically should produce a generation rate g
averaged over the absorption length, of the order
of 10%/cm?® sec. Assume that carriers excited in-
to nonlocalized states at the above rate (for simplic-
ity we speak of electrons) very rapidly become
trapped by the localized states near the mobility
edge and assume that as far as these shallow traps
are concerned there is a quasithermal equilibrium

4717

with the nonlocalized states. That is, assume that
the population of trapped electrons »#, and the pop-
ulation of nonlocalized electrons n are related by
having a common quasi-Fermi level. Assume
further, in keeping with the model, that the recom-
bination lifetime for nonlocal electrons is very
much shorter than that for the localized, trapped
electrons (this being the implication of the label
“trapped”).

Then, if the lifetime for nonlocalized carriers
is 7, the steady-state relation is

(15)

Suppose that 7 ~107'? sec at room temperature,
then n~ 1013/cm3. However, for this density of
nonlocalized electrons, we would expect a much
greater density of trapped electrons. For in-
stance, if we consider that the rapid trapping and
thermalization takes place down to 0. 2 eV below
the mobility edge, we can calculate the ratio #,/n
using the density of states in Fig. 10, this ratio
being relatively insensitive to the position of the
mobility edge. For room temperature we find

ny /n=130,1i.e., n, =1.3x10'/cm3. This figure is
consistent with the observation of the linearity of
photoconductivity versus light at room tempera-
ture, because if we estimate the number of filled
conduction states near the midgap, including the
tail of the conduction band below midgap, we ob-
tain a value ny~1.6x10"/cm®, That is, these
states are considered to be the main recombina-
tion centers at room temperature, since Ng >Ny,
It follows that in this region 7 o 1/, and i, < pug/
ng. Since ny consists mostly of the tail overlap,

it is relatively insensitive to temperature. The
nonlocal or band mobility p is, under these as-
sumptions, of the order of 1 cm?/Vsec (from u7t
=1.2x107° cm?/V), but we know nothing of its
temperature dependence except to expect that it
should not be very strong, as in a hopping regime.
The initial rise in photoconductivity with cooling
represented by the dashed curve in Fig. 5 could
then be attributed to an increase of mobility and/or
a decrease of capture cross section. However,
with cooling the major change expected would be in
the number of the trapped carriers n;, since the
ratio

n/T =g=10%/cm®sec .

+A(VRT =B)

nt/n;e , (16)

where A, the depth to which the traps are thermal-
ized, is taken as 0.2 eV and B, the slope of the
Inp-versus-energy curve, is about 14.5 eVl

By about 190 °K, 7, is comparable to n,, and
with further cooling #, becomes much greater than
no. Under this condition, the rise time for photo-
conductivity in the thermal trap case should be
simply related to the lifetime by*
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Trise :(nt'*'n)/n . (17)

Consequently, 7.,, would be expected to increase
from ~10 nsec at room temperature to ~3 usec at
180 °K. We have pointed out in the previous sec-
tion that the rise time does increase to about 3
usec in this region of temperature. Also, as »;
becomes comparable to 7, one would expect the
trapped charges to become important recombina-
tion centers, so that photoconductivity would go
from being linear with light intensity at room tem-
perature to varying as the square root of light in-
tensity below 150 °K. This, of course, is the ob-
served tendency. In the low-temperature range,
one would have

T 1/ny s (18)
so that n, xge AW/ RDBY,, (19)
Then i, o p ot/ 2e=AL/RT) =81/ 2 (20)
C

and the photocurrent would be a strongly decreas-
ing function with decreasing temperature. The ob-
served variation does not fit well an exponential
variation versus 1/7, but above 120 °K it would

fit best a curve with A=0. 17 eV. This is to be
compared with the initial assumption of A=0.2 eV.

One of the consequences of the above arguments
which might be examined experimentally is the
temperature dependence of luminescence from
GeTe. If this is observable, there should be a
predominance at room temperature of radiation
with energy equal to half the energy gap, while
with cooling there should be a change to a predom-
inance of gap radiation below 180 °K. In the case
of As,Teg —AsySes, luminescence has been re-
ported24 with two peaks at energies correspond -
ing, approximately, to the energy gap and to one-
half of the energy gap.

It may seem a contradiction to have assumed
equal transition rates for all transitions in ab-
sorption while assuming that only nonlocalized
carriers recombine rapidly. This can probably be
reconciled by considering that N in Eq. (7) should
not really be taken as the number of molecular
cells in the sample but rather the number in some
region characterized by a radius for overlapping
localized states. Then everything can be renor-
malized without affecting the absorption. However,
recombination of localized carriers would still re-
quire a spatial proximity and would thus be less
likely than nonlocal to local recombination.

One aspect of the results which is not accommo-
dated by the simple model used above is the long-
wavelength photoconductivity near room tempera-
ture. Since, as mentioned in the previous sec-
tion, the slope of the lni,,-versus-zy curve is
smaller than the slope of Ina versus ky in the re-

gion where i, should be proportional to a, it fol-
lows that the photocurrent per photon increases
with decreasing photon energy. In terms of one
simple model in which all recombination takes
place from nonlocalized states, the photocurrent
per absorbed photon should be independent of en-
ergy. The rise time, on the other hand, is not
inconsistent. We recall from the previous sec-
tion that rise times for photoconductivity in the
tail region were of the order of 10 msec. If the
absorption of long-wavelength light is thought of

as a direct generation of trapped carriers, then the
rise time for photoconductivity can simply be the
release time for thermal activation from traps to
nonlocal states. The only possible explanation
which we can think of for the behavior of the tail
photoconductivity is to postulate that the large pop-
ulation of deep traps produced by the long-wave-
length light produces a small perturbation of the
mobility edge via a screening effect. The result
of such a perturbation wruld be similar to the
bolometer effect, ant 1d also disappear rapidly
with cooling. The trap population produced would
be expected to increase with decreasing photon en-
ergy since more electrons are required in deeper
states to produce the same nonlocal population »
in the steady state. Thus the photocurrent per
photon would increase with decreasing photon en-
ergy as observed.

In any event the long-wavelength photoconductiv-
ity merits more study, including the investigation
of rise time versus temperature and possibly a di-
rect observation of a change of activation energy
with long-wavelength illumination. The difficulty
in the former case is that the signal-to-noise ra-
tio is already low for conventional infrared sources.

SUMMARY AND CONCLUSIONS

We have described some electrical and optical
properties of amorphous GeTe films prepared by
evaporation. Such films exhibit the exponential
variation of resistivity with reciprocal tempera-
ture characteristic of intrinsic semiconductors.
Both optical absorption and photoconductive re-
sponse have exponential tails toward low photon
energies. To this extent, the behavior of amor-
phous GeTe is typical of the general class of amor-
phous chalcogenides. However, in the case of the
photoconductivity, the response at room tempera-
ture extends to photon energies of less than one-
half the energy gap or, more significantly, less
than the activation energy for conductivity. This
low-energy photoconductivity, which has not been
reported for other amorphous chalcogenides, dis-
appears rapidly with cooling.
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The slope of the exponential tail on the optical
absorption is essentially independent of tempera-
ture, so we have used the absorption to infer a
density of states for amorphous GeTe. Using this
density of states, we have found that most of the
photoconductivity results including temperature
dependence, rise times, intensity dependence,
etc., can be understood in terms of a Mott-

Cohen model involving mobility edges and overlap-
ping band tails. However, the behavior of the long-
wavelength photoconductivity raises the possibility
of another phenomenon, namely, the shifting of the
mobility edges under the influence of large densi-

DENSITY OF STATES: - -
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ties of trapped charge.
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